Abstract. One of the major obstacles to coffee production worldwide is the damage caused by the coffee berry borer Hypothenemus hampei (Ferrari; Coleoptera: Curculionidae). When searching for host fruits, females are attracted to the volatiles the fruits release. In this study, the volatiles released by the ripe and dry fruits of Coffea arabica and C. canephora were analyzed by gas chromatography-electroantennography (GC-EAD) and identified by gas chromatography-mass spectrometry (GC-MS). The areas of the response peaks were analyzed using canonical discriminant analysis. The results of the statistical analysis demonstrated the presence of 4 distinct groups of volatiles released from ripe and dry C. arabica and C. canephora. A few of the most influential compounds in the canonical discriminate analysis also elicited antennal activity (GC-EAD) in the flying female coffee berry borers, specifically 2-heptanone, 2-heptanol, 3-ethyl-4-methylpentanol, phenyl ethyl alcohol, methyl salicylate, and α-copaene. These compounds will be tested in the field to explore the development of a new chemical that is attractive to the borers and can be used in the management of the coffee berry borer H. hampei. Keywords: Coffe volatiles, Antennal response, EAG, Hypothenemus hampei, Coleoptera.
Introduction
Plants from the Coffea (Rubiaceae) genus are important crops in many tropical countries. This genus is composed of 103 species (Davis et al., 2006) , but only two of the species are commercially traded: C. arabica L. and C. canephora Pierre ex A. Froehner (colloquially referred to as "robusta"). Coffea arabica grows best at high altitudes, whereas C. canephora is grown at lower altitudes [1, 2] . Both species of Coffea can be grown in either total sunlight or in various levels of shade [3, 4] . The production of Coffea has increased over the past few decades through the use of high yielding varieties, fertilizers and high density planting [5] . However, coffee production is severely affected by numerous pests and diseases. One of the major obstacles to coffee production worldwide is the damage caused by the coffee berry borer Hypothenemus hampei (Ferrari; Coleoptera: Curculionidae), which is a small beetle endemic to Central Africa [6, 7] . The males cannot fly, and they generally spend their entire lives inside the coffee fruit. Once they reach sexual maturity, they mate with their sibling females within the fruit before the females leave their native fruits [7] . After adult eclosion, the female coffee berry borers abandon their native fruits and disperse to colonize and oviposit in new fruits [8] . Most of the life cycle of this organism is spent inside coffee berries, which makes this insect difficult to control through either chemical or non-chemical strategies.
The main method that is currently used to control the coffee berry borer in tropical America is the application of synthetic insecticides. However, endosulfan and chlorpyrifos, which are the two insecticides most commonly used against H. hampei, are highly toxic and are a threat to the environment, to the farmers who use them, and to the communities living adjacent to the treated coffee plantations [5] . In addition, the use of insecticides increases the likelihood that the coffee beans will contain residual pesticides that can affect human health and the environment. Furthermore, the continuous use of insecticides may induce resistance to them in the coffee berry borer and thus reduce their effectiveness [9, 10] . In locating host plants [11] , insects use a combination of visual and chemical cues, plant volatiles being particularly significant for the latter [12] . There is evidence that H. hampei uses both visual [11, 13, 14] and olfactory stimuli [14, 15, 16] to locate host plants. Consequently, the volatiles emitted from the coffee berries play an essential role [12] in the attraction of H. hampei to the coffee plant. However, the volatiles that are responsible for this attraction have not yet been identified; most likely because the small size of the antennae of H. hampei makes it difficult to obtain electrophysiological recordings. A study of the blend of volatiles released from Coffea arabica fruits at different maturation stages was reported recently [17] ; an olfactometer bioassay was used to identify the volatile semiochemicals that attract H. hampei: methylcyclohexane, ethylbenzene, nonane and 3-ethyl-4-methylpentanol [17] . In this study, the volatile compounds that are released by Coffea arabica and C. canephora fruits were identified and used in statistical multivariate analysis and chromatography-electroantennography (GC-EAD) to identify the most important compounds released by the coffee fruits. These results will contribute to the development of new attractants that, when combined with traps, could provide innovative and sustainable management of the coffee berry borer.
Results and Discussion
The presences of secondary metabolites in fruit volatiles from both species of coffee were detected. The statistical analysis of the compounds present in the coffee fruit volatiles showed a significant difference between the groups (F = 2.26; df = 3, 48; P < 0.01). The results of the Mahalanobis test show the distance between the 4 groups ripe C. arabica fruit, dry C. arabica fruit, ripe C. canephora fruit, and dry C. canephora fruit. This analysis revealed that the greatest distance (37.64) was between the volatiles from the ripe C. arabica fruit and the volatiles from the dry C. canephora fruit. These results suggest that the centroid of the ripe C. arabica fruit is more distant than the centroid of the C. canephora dry fruit (Table  1 ). In contrast, the distance between the ripe and the dry C. canephora fruits is the shortest (Table 1 ). This work identified 24 secondary metabolites in the volatiles collected from the ripe C. arabica fruit (Table 2) , of which mesitylene, α-cedrene, and α-copaene were the most important (Fig. 1) . Similarly, 23 compounds were identified in the volatiles collected from the dry C. arabica fruit (Table 2) , and the most important were methyl salicylate, benzyl alcohol, 3-ethyl-4-methylpentanol, linalool, 2-heptanone, 2-heptanol, and phenylethyl alcohol (Fig. 1) . In addition, 26 compounds were identified in the volatiles from the ripe C. canephora fruit (Table 3) , of which limonene and α-copaene were the most important (Fig. 1) . Regarding the volatiles from the dry C. canephora fruit, 28 compounds were identified (Table 3) , and 2-heptanol, limonene and phenyl ethyl alcohol were the most important (Fig. 1) .
In a study of the blend of volatiles released from Coffea arabica fruits at different maturation stages, the authors found more volatiles with biological activity in ripened fruits than in green fruits [17] , including compounds such as 3-ethyl-4-methylpentanol, 2-heptanol and methyl salicylate. The results of the identification of compounds in coffee berry volatiles from the present study concur with those previously reported [18] . For example, compounds such as hexanal, 1-hexanol, 2-heptanone, 2-heptanol, isobutyl butyrate, linalool, and methyl salicylate were found in volatiles from C. arabica and Coffea canephora berries in this and previous works. However, parts of the results of this identification differ from those reported by Ortiz et al. (2004) [19] . That study found that the most abundant compound in coffee berry volatiles was ethanol. In contrast, our study found that the most abundant volatile compounds were linalool and methyl salicilate in the ripe and dry C. arabica fruits, while limonene and methyl salicilate were the most abundant volatile compounds in the ripe and dry C. canephora fruit. A few of the metabolites found in our study, such as 2-heptanone, heptanol, and 3-methyl-4-ethylpentanol, have been previously identified in the volatiles of ripe and overripe berries of C. arabica [18] . Similarly, metabolites such as methyl salicylate, α-copaene and δ-cadinene have been identified in volatiles released by the healthy ripe berries of C. canephora [20] .
Regarding the response of the flying female coffee berry borers to the fruit volatiles, the results obtained from the canonical discriminant analysis and the GC-EAD assays were similar. For example, the volatile compounds from the ripe C. arabica fruit that influenced the flying female coffee berry borers in the discriminant analysis were α-cedrene and α-copaene. The GC-EAD analysis of the response of the flying female coffee berry borers to the volatile compounds from the ripe C. arabica fruit indicated antennal activity to α-copaene (Table 4) . Of the volatiles from the dry C. arabica fruit, the compounds that showed the most influence on the flying female coffee berry borers, when subject to canonical discriminant analysis, were methyl salicylate, 3-ethyl-4-methylpentanol, linalool, 2-heptanone, 2-heptanol, and phenyl ethyl alcohol. The GC-EAD assay of the response of the flying female coffee berry borers to the volatiles from the dry C. arabica fruits indicated antennal activity to 2-heptanone, 2-heptanol, 3-ethyl-4-methylpentanol, cis-linalool oxide, methyl salicylate and ethyl salicylate ( Table  4 ). The most important compounds from the canonical discriminant analysis of the volatiles from the dry C. canephora fruit were limonene and α-copaene. The GC-EAD analysis of the response of the flying female coffee berry borers to the volatiles from the ripe C. canephora fruit showed antennal activity to 3-ethyl-4-methylpentanol, methyl salicylate and α-copaene ( Table 5 ). The most important compounds identified in the volatiles from the dry C. canephora fruit were 2-heptanol, limonene, and phenyl ethyl alcohol. The GC-EAD analysis of the same volatiles showed peaks that were identified as phenyl ethyl alcohol, methyl salicylate and ethyl salicylate (Table 5) .
Of the compounds identified from the coffee berry volatiles in this study, 2-heptanol, ethyl benzene, 3-ethyl-4-methylpentanol, and methyl salicylate had been previously identified [17] . However, as in this study, only 3-ethyl-4-methylpentanol elicited an antennal response from the coffee berry borers [17] . This research includes the identification of other volatile compounds that elicit an antennal response from the female coffee berry borers, the chemical analysis of coffee berry fruits, and the canonical discriminate analysis of the identified compounds.
This study found that the female berry coffee borers were able to discriminate between different volatiles emitted from the coffee berries. Statistical analysis showed that the odor profiles differ between different volatiles. One advantage of using multivariate analysis to examine the fruit volatiles is that it focuses on the differences in the volatile patterns rather than on single compounds [21] . Thus, multivariate analysis is quite similar to the olfactory processing in the insects that base their behavioral decisions on the differences in the volatile profiles between plants [21] .
In conclusion, the volatiles identified in ripe and dry C. arabica and C. canephora, the canonical discriminant analysis and the GC-EAD assays suggest a mixture of berry compounds composed of 2-heptanone, 2-heptanol, 3-ethyl-4-methylpentanol, phenyl ethyl alcohol, methyl salicylate, and α-copaene, that will be tested in the field to confirm the activity of the compounds against to the coffee berry borer H. hampei.
Experimental
Two coffee fruits, Coffee arabica L. and Coffee canephora Pierre ex Froehner, were used in this study. Ripe and dry fruits from both varieties were collected because the ripe stage is preferred by females for oviposition in the fruits and because both stages produce compounds that are known to be active to the coffee berry borer [17] . The fruits were collected in Finca Alianza, which is located in Cacahoatán, Chiapas, México 727 meters above sea level (15°02' N, 92°10' W). The fruits were collected (1 kg, free from insect infestation) using gloves and entomological scissors; the peduncle was left attached to the berry. The fruits were collected from 09:00 to 11:00 am, placed in plastic bags and transported immediately to ECOSUR for collection and chemical analysis of the volatiles. The flying female coffee berry borers that were used in the GC-EAD analysis were obtained from infested fruits collected in the field. The fruits were transported to the laboratory and placed inside a wooden cage (30 × 45 cm) held at a controlled temperature (22 ± 2 ºC) and a controlled relative humidity (70 ± 5 %). The wooden cage was exposed to 75 W light the following day, and the flying females started to leave the fruits and were caught in glass vials.
The previously described technique [22] used in this study for the collection of the volatiles utilized a cylindrical glass aeration chamber (40 cm long × 21 cm i.d.). The volatiles were collected using ripe and dry coffee berries. A charcoal-filtered airstream (1 l per min) was passed through the glass aeration chamber for 72 h. The fruit volatiles were collected on Super Q (50-80 mesh; Water Associates, Milford, MA, USA) packed between plugs of silanized glass wool in a Pasteur pipette. The fruit volatiles were eluted from the Super Q with 400 µl of dichloromethane (HPLC grade), placed in glass vials and stored at -20 °C until analysis. A total of 32 samples were analyzed (8 at each stage of maturity for each species of fruit).
GC-EAD studies were carried out to identify the components in the coffee fruit volatiles that caused an antennal reaction using a previously described system [23] . These studies were performed with a gas chromatograph (GC) (Varian 3600) coupled to an electroantennogram (EAG). The GC was equipped with a capillary column (DB5 MS, 25 m by 0.25 mm i.d.), a flame ionization detector (FID), and a split/splitless injector, which was operated in the splitless mode. Helium was used as the carrier gas at a flow rate of 2.0 ml/min. The oven temperature was first set at 50 °C for 2 min, then increased at a rate of 8 °C/min to 280 °C, and held for 10 min at 280 °C. At the end of the capillary column, a splitter (VSOS, Scientific Instruments Services, Ringoes, NJ, USA) distributed the effluent from the column to the FID and to a transfer line toward the prepared EAG [24] . Both connections were composed of deactivated fused silica of the same length and diameter such that the column effluent was split in a ratio of 1 (EAG) to 1 (FID). The EAD preparations were made using one antenna carefully cut from a flying female and inserted into the reference glass capillary electrode, which was filled with a physiological saline solution [25] . The antenna club was connected to the tip of the recording glass capillary electrode. The signals generated by the antenna and the FID were passed through a high-impedance amplifier (NL 1200, Syntech, Hilversum, the Netherlands) and displayed on a monitor using the Syntech version 2.6 software (2003) for the processing of the GC-EAD signals. A current of humidified pure air (0.7 l/min) was constantly directed at the antenna through a 10 mm diameter glass tube using a stimulus flow controller (CS-05, Syntech). One replicate result was obtained for each female antenna, and 10 females were used to analyze each stage of maturity for each species of coffee.
The GC-MS analyses were performed using a GC (Varian CP-800) equipped with a DB5-MS capillary column (30 m by 0.25 mm and a coat thickness of 0.25 µm) and a Varian Saturn 2200 ion trap mass detector. The oven temperature was initially set at 50 °C for 2 min, then increased at a rate of 15 °C/min to 280 °C, and held at this temperature for 10 min. The injector temperature was 250 °C. The injector was operated in the splitless mode. Helium was used as the carrier gas at a flow rate of 1.0 ml min -1 . Ionization was determined by electron impact at 70 eV. The tentative identification of the compounds was based on a comparison of the mass spectra with the NIST MS Library. The identification of some of the compounds was confirmed through a comparison of the mass spectra and the retention times of the compounds with those of standards, which were purchased from Sigma-Aldrich (Toluca, Mexico) and, according to the supplier, had a purity of 97-99 %. Compounds for which a standard was not available were identified by comparing the Kovats retention index and mass spectra with those previously reported [26] . The abundance of a particular compound was quantified using its peak area. The peak area of a particular compound was then converted into a percentage of the sum of the peak areas of all of the targeted GC peaks to determine the relative abundance of the compound.
The results were analyzed using the statistical Minitab package, version 15.1 [27] . This study identified 16 compounds that were present in the four groups of volatiles released by the ripe and dry fruits of C. arabica and C. canephora. A multivariate analysis was performed using the peak areas of the compounds. This analysis was performed considering that canonical discriminant analysis is a technique that permits the differentiation between two or more groups and takes into account the performance measure of the individuals of each group [28] . The ripe and dry fruits of both species of coffee constituted the groups. The canonical discriminant analyses indicate whether there is a significant difference between the groups, determine which groups are different, and enable the identification of the variables that contribute most to this difference. A canonical discriminant analysis, which involved the use of the Mahalanobis test, was applied to compare the distances between the groups.
